Lepidopteran larvae possess multiple defenses against a diverse group of predators and parasitoids. Many studies of larval defenses have determined whether a defense works against a particular enemy, but the question of which types of defenses are most effective against which types of enemy has not been examined closely. We assessed the efficacy of different caterpillar defenses against parasitoid wasps, flies, and nematodes, and compared the results to earlier work with predatory invertebrates. Third to fifth instar caterpillars from 266 species and 30 families were collected in a lowland wet forest in Costa Rica during wet and dry seasons from 1996 through 1999, scored for various behavioral and morphological defenses and then reared in the laboratory.
Methods

Field site and study system
This research was conducted at La Selva Biological Station, Costa Rica, from 1996-1999 in both the wet and dry seasons. The station is located at 10° 25' N, 84° 05'W on the Caribbean slope of Costa Rica. It is classified as Tropical Wet Forest, receiving at least 4000 mm of rain per year, with all months receiving more than 150 mm (McDade and Hartshorn 1994) .
We examined putative caterpillar defenses against parasitoids in the insect orders Hymenoptera and Diptera and the Phylum Nematoda. Parasitoids in these taxa attack caterpillars in different ways. Wasps differ from flies and nematodes in that they have venom, a piercing ovipositor to deliver eggs (a few Tachinids do have piercing structures on the integument), and immune-suppressant substances such as polyDNA viruses (Godfray 1994, Hanson and Gauld 1995) . Tachinids attack their hosts in various ways. Some oviposit on their host's integument and hatching larvae burrow into the host. Others oviposit or larviposit near a host and are either consumed as eggs or search out their host as first instar larvae (Townsend 1936 , 1941 , Godfray 1994 , Belshaw 1994 , Feener and Brown 1997 . Entomopathogenic nematodes usually find their hosts by the release, either from eggs or from a freshly killed host, of hundreds to thousands of infective juveniles that search the area for a new host. Most of the nematodes recorded attacking in our study were in the family Mermithidae, which have a free living adult form that lays eggs that hatch into infective juveniles. Some genera in this family lay microtype eggs on a host's food plant that are subsequently eaten and infect the host by passing through its gut wall (Sweetman 1936 , Poinar 1979 .
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Collecting and rearing
We collected larvae and their host plants in primary and secondary forest, and early successional areas (gaps, old fields, and riverbanks). Only third to fifth instars were collected as this allowed time for the caterpillars to be parasitized, yet allowed us to rear and collect parasitoids that emerged before the last pre-imago molts. We used various visual searching methods, which included locating previously identified host plant species, setting out sheets to collect frass to indicate recent caterpillar activity, and the visual inspection of plants along a transect. Collected caterpillars were taken to a screened ambient-temperature laboratory. Each caterpillar was given a number and data on collecting locality, dates, host plants, and development were recorded. If the species was known, three adults were retained as voucher specimens and all subsequently reared adults released. If the species was unknown then up to 20 adults were retained to collect a series useful to taxonomists. All parasitoids were kept as vouchers and to aid in identification. To prevent oversampling of common species at the expense of rarer species, we reared a maximum of 20 individuals of any one species in any given three-month period. If larvae were gregarious or if there were many individuals on one plant, we collected all of them. However, for the statistical analyses, caterpillars collected as groups were treated as a single sample. If more than 50% of the group was parasitized, that sample was counted as a parasitism event.
Caterpillars were reared to adulthood and parasitism, the number of parasitoids per caterpillar, and the identity of the parasitoid to the most specific taxon possible was recorded. Three days after any caterpillar or pupa died they were dissected to determine whether they contained any developing parasitoid larvae. If we suspected that a caterpillar was infected by a virus or other pathogen it was discarded in the unopened bag without dissection to avoid infecting the other caterpillars.
Scoring for putative defenses
Methods were similar to those utilized by Dyer (1995 Dyer ( , 1997 , Dyer and Gentry (1999), and Sheehan (1991) . We assessed the putative behavioral defenses of caterpillars during the collection process. 1) Primary behavioral defenses (each analyzed as a dichotomous variable) included "group" (gregarious, solitary) and "shelter" (exposed feeder, or shelter builder). Caterpillars found in persistent groups of at least three were considered gregarious. The shelter category included caterpillars that make webs, leaf rolls, or fold leaves. 2) Secondary behavioral defenses (the "behavior" variable in the logit models) were defined as those that resulted from two different types of simulated parasitoid disturbance: brushing the caterpillar with a fine paintbrush, and pinching the caterpillar with soft forceps (to simulate antennating, touching, or grasping). We noted the following possible responses: no behavioral response (freezing), dropping off the feeding substrate, thrashing, biting, and regurgitating. Behavior was a dichotomous variable that contrasted any secondary behavior with no behavior (or freezing). If behavior was significant in a general model, we ran a focused model containing the secondary behavior variables to see which were the most important. For each species, we noted other characters that are often considered to be defenses or are correlated with defenses; these are summarized in Table 1 , with a brief description of how they were measured.
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Chemistry Bioassays
From January 1998 to December 1999, in separate trials, we offered caterpillar and host plant extracts in sugar water to nests of the predatory ant Paraponera clavata (Formicidae). We only included a caterpillar species if we could obtain enough material for the bioassay, or a host plant species if we had reared at least five species of caterpillars from it. The results were used to create plant chemistry and caterpillar chemistry variables used to examine associations between chemistry, levels of parasitism, and other defenses in the logit models described below. Dodson et al. (2000) , Dyer (1995), and Dyer et al. (2001) tested the utility of these P. clavata bioassays in previous and concurrent work and found that the ants provide a reliable method for determining the presence of compounds that are deterrent to many families and orders of insects. Ants were not used to evaluate whether or not a chemical is attractant or repellent to a parasitoid, but were used solely to determine the presence or absence of insecticidal or deterrent substances in plant or caterpillar material (e.g., solapalmatine, nicotine, sequestered amides, etc.; Dyer et al. 2001, C. Dodson and L. Dyer unpublished data).
We prepared one extract per species of 15 lepidopteran species in seven families and 24 plant species in 11 families. Newly molted, fifth instars were starved for 24 hours (to ensure empty guts), freeze-dried, ground, and extracted in methanol (60 mg/ml). Plants were also extracted in methanol. This is the best solvent that is not unpalatable to Hymenoptera when presented in a sucrose solution (L. Dyer and C. Dodson unpublished data) and which will extract a wide range of polar and non-polar compounds. Extracts were diluted in a 20% sucrose solution (0.1 ml extract in 2.25 ml solution), while the control tube contained only the sugar water solution and 0.1 ml methanol. At least five sets of each extract, paired with a control, were offered sequentially to each of 15 colonies of P. clavata in 2.5 ml microcentrifuge tubes. The sequential sets were subsequently averaged (not treated as true replicates) to lessen error variance. The tubes were weighed, given to the ants for one hour, then weighed again. The mass of liquid taken from each tube was determined (mass before minus mass after) and an adjusted consumption difference (ACD) (consumed control - We used Tukey's multiple comparisons to categorize different species into different palatability categories (deterrent, neutral, attractant). Deterrent and attractant extracts were those that were significantly different from 0 in a positive or negative direction, and neutral extracts were those that were not significantly different from zero.
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Statistics
After checking for multicollinearity and ensuring that our data met all assumptions of loglinear models (see Agresti 1984), we used non-hierarchical logit models to examine associations between caterpillar characters ( Table 1) and incidence of parasitism. The dependent variable used in the models was a dichotomous variable (parasitized vs. not parasitized) and each individual caterpillar was counted as a random sample from a group of individuals, each with specific characteristics (e.g., a parasitized, brightly colored, hairy caterpillar that thrashes and eats a toxic host plant). We used the SAS statistical software for all analyses and used Proc Catmod to run the models. We also used logit models to screen for associations between incidence of parasitism and variables that introduce error variation, including season (dry season versus rainy season), year (1996, 1997, 1998, and 1999) , and habitat (early successional, secondary forest, and primary forest). Models and their associated variables are listed in Table 2. A subset of the data including 1,657 items (i.e., adult or parasitoid) representing 69 caterpillar species in 22 families was used for all logit models to ensure that cell frequencies were balanced. Sample sizes per species in this "balanced" data set ranged from 15 -35, with a mean sample size of 24 individuals per species, so no one species was inappropriately weighted. The complete data set, including 2,788 items representing 266 caterpillar species in 30 families was used to calculate overall levels of parasitism and to compare the two-dimensional contingency tables for the balanced and complete data sets.
We used two methods to choose appropriate models: 1) we examined twodimensional contingency tables to determine which predictors of parasitism to include GENTRY AND DYER -PARASITOID DEFENSES 11 (Gilbert 1981) , assigning a conservative inclusion alpha of 0.005 (based on a Bonferoni correction factor), and 2) we ran saturated models and used the results to decide which parsimonious models to try (Tabachnick and Fidell 1996, Agresti 1984) . Because no a priori assumptions were made that a particular character was effective as a defense, it was not necessary to examine all the variables in a cumbersome model with low cell frequencies. Significant predictors of parasitism were determined from the parsimonious models, then ranked in order of importance using standardized parameter estimates (Tabachnick and Fidell 1996) .
We used four saturated models (Table 2) . Model 1 included all parasitoid taxa and the predictor variables identified as significant predictors of parasitism in 2-way frequency tables. In model 2, to compare the importance of chemistry as a predictor of parasitism versus other significant predictors, we used data from the caterpillar species used in the bioassays with caterpillar chemistry as a predictor variable along with the most important predictors from Model 1. Plant chemistry was not included because contingency tables did not reveal a significant association between plant chemistry and parasitism. To explicitly test the hypothesis that regurgitation is the most effective chemical defense against parasitoids, we included the regurgitation variable. Models 3a, 3b, and 3c examined defenses associated with the different parasitoid taxa (flies, wasps, and nematodes respectively). Model 4 was a behavioral model that further examined the particular behaviors (regurgitate, drop, thrash, bite) responsible for the significant behavior (i.e., any behavioral defense versus no behavior) effects on parasitism by wasps.
We used logistic regression to examine the effect of the three continuous variables, caterpillar mass, diet breadth (family) and diet breadth (species), on parasitism. For all of our analyses, we made the assumption that each individual caterpillar was an independent observation, thus we were ignoring phylogeny. Using species as replicates was not possible because small sample size (69 species for the balanced data set) would have resulted in very small cells and structural zeroes in our logit models, and because our response variable (parasitized or not) and some of the predictor variables (behavior and host plant chemistry) are not species characteristics. Similarly, it was not possible to utilize approaches such as Felsenstein's (1985) independent contrast method because for most of the taxa we studied, no complete phylogenies exist. 
Results
Overall levels of parasitism
The most common type of parasitoid attacking caterpillars at La Selva (based on the complete data set) were flies in the family Tachinidae, which accounted for 46% of all parasitism events. Although hymenopterans accounted for 39% of all parasitism events, the Braconidae alone accounted for 31%; the other 8% being by Ichneumonidae, Eulophidae, Trichogrammatidae, Encyrtidae, and Chalcidae combined. Fifteen percent of parasitism events were by nematodes. Mean overall parasitism on caterpillars was 31% using the complete data set and 32% using the balanced subset. Parasitism is (Table 3 ). There were no heuristic differences in the predictors that were identified as significant when we utilized the complete versus the balanced data sets; however, the results reported below are from the more statistically balanced subset of data. Although we were not able to test for phylogenetic effects, levels of parasitism were very similar across all 30 families and 13 superfamilies, with most superfamilies experiencing close to 31% parasitism. Levels of parasitism on superfamilies ranged from 28.8% (Bombycoidea) to 51.0% (Gelechiodea).
Variables that are not predictors of parasitism
Presence or absence of spines or hairs, coloration (cryptic, warningly colored, or other), and plant chemistry (deterrent versus neutral extracts) were not significant predictors of parasitism (P > 0.10) either by all parasitoid taxa combined, or an individual taxon of parasitoid, and they were not included in parsimonious logit models. secondary), and year (1996, 1997, 1998, 1999) were also not significantly associated with parasitism (P > 0.10) and were not included in saturated logit models.
Putative defenses that are ineffective against all parasitoid taxa
Results from Model 1, which included all three parasitoid taxa, indicated that shelter, followed by an interaction between group and shelter, were the most important predictors of parasitism ( Table 3 ). Caterpillars that make shelters were attacked significantly more often than exposed caterpillars (χ 2 = 37.34, DF = 1, P < 0.0001).
Solitary shelter builders suffered significantly higher levels of parasitism than solitary exposed caterpillars, but gregarious caterpillars had high levels of parasitism regardless of whether or not they built shelters (χ 2 = 21.95, DF = 1, P < 0.0001; Fig. 1 ). Gregarious caterpillars were also parasitized more than solitary caterpillars (χ 2 = 13.87, DF = 1, P = 0.0002).
Caterpillar chemistry
The bioassay resulted in seven caterpillar species with ant-deterrent extracts and eight species with neutral or attractive extracts (neutral and attractive extracts were lumped into a "non-deterrent" category to reduce numbers of cells in the model; Table   4 ). This chemistry variable was a significant predictor of parasitism in Model 2, which included chemistry, shelter, and regurgitate as predictors. Group was not included in Model 2 because it created too many structural zeroes (i.e. cells in the model with frequencies of 0). Caterpillars with deterrent extracts had significantly higher parasitism than caterpillars with neutral or attractive extracts (χ 2 = 11.59, DF = 1, P = 0.0007).
Regurgitation was the best predictor of parasitism in this model (Table 5) , and there was a significant interaction between regurgitation and caterpillar chemistry (χ 2 = 16.41, DF = 1, P < 0.0001). Regurgitation was a much more effective defense for caterpillars with deterrent extracts than for caterpillars with neutral or attractant extracts (Fig. 2) .
Defensive efficacies based on parasitoid taxa
Whether or not a particular caterpillar character acts as a "defense" depends on the type of parasitoid that attacks (Tables 6-9). Caterpillars attacked by flies benefited from a solitary, exophytic habit; secondary defensive behaviors worked best against wasps; and larvae attacked by nematodes benefited from both a solitary habit and secondary defensive behaviors.
In model 3a, behavior and morphology were unimportant in predicting whether or not flies parasitize caterpillars (for behavior, χ 2 = 0.39, DF = 1, P = 0.53; for morphology, χ 2 = 2.71, DF = 1, P = 0.1). The most important predictor was group followed by shelter and an interaction between the two (Table 6 ). Flies parasitized gregarious caterpillars significantly more than solitary caterpillars (χ 2 = 7.76, DF = 1, P = 0.0053). Solitary shelter builders were parasitized more than solitary external feeders, but gregarious caterpillars were more likely to be parasitized regardless of whether or not they built shelters. This is the same interaction found in Model 1 (χ 2 = 20.46, DF = 1, P < 0.0001; see Fig. 1 ), which included all parasitoid taxa.
The analysis of caterpillar defenses against parasitoid wasps (model 3b) was complex, and several variables or interactions emerged as significant predictors of parasitism ( Table 7) . The most important predictor of parasitism avoidance was Important predictors of parasitism by nematodes were group, shelter, behavior, and interactions between these variables (Table 9 ). Gregarious caterpillars were parasitized by nematodes significantly more than solitary feeders (χ 2 = 25.77, DF = 1, P < 0.0001).
There was a significant interaction between group and behavior, and group and shelter.
For gregarious caterpillars, those that exhibited no defensive behaviors were parasitized significantly less than caterpillars exhibiting defensive behaviors, and the opposite trend was found for solitary caterpillars (χ 2 = 21.17, DF = 1, P < 0.0001). Among solitary caterpillars, shelter builders were parasitized more than external feeders, but gregarious caterpillars were parasitized at the same level regardless of whether or not they built shelters (χ 2 = 7.6, DF = 1, P = 0.0058; see Fig. 1 ).
Discussion
Efficacies of antiparasitoid mechanisms
Parasitoids attack their hosts in different ways, therefore different caterpillar defenses are more or less effective depending on the type of parasitoid attacking. In our study, the most important predictors of parasitism, when all parasitoid types were considered, were whether or not the caterpillars regurgitated, the presence/absence of shelter building behavior, caterpillar chemistry, and feeding habit (gregarious or solitary).
Shelter building behavior and feeding habit were universally predictors of increased parasitism by all three parasitoid types. The absence of significant interactions with season suggests that associated abiotic factors, such as temperature and precipitation, do not alter the efficacies of these defenses nor the attack abilities of the parasitoids.
The lack of year-to-year variation and the fact that the smaller, balanced data set yielded results that were identical to the complete data set, indicates that these patterns are not artifacts of sample size.
All parasitoids are not the same.
When defenses were examined separately for wasps, flies, and nematodes (excepting caterpillar chemistry due to sample size constraints), there were differences between parasitoid types in predictors of parasitism. The most obvious of these differences was the utility of avoidance behaviors as a defense. The presence of avoidance behaviors was a good predictor of whether or not wasps successfully parasitized caterpillars, unimportant in predicting parasitism by flies, and a good predictor of parasitism by nematodes under certain circumstances.
Behavioral defenses may be more effective against wasps and not as effective against flies and nematodes because most parasitoid wasps must, in some way, contact their hosts to sting them and/or oviposit (Potting et al. 1999) . Therefore, wasps can potentially be avoided or repelled by various host behaviors. Caterpillar bites can kill or maim wasps, and as a result many species of parasitoid wasps approach their hosts with care (Potting et al. 1999, Stamp and Casey 1993 and references therein).
Many parasitoid wasps prefer to attack earlier instar caterpillars that are physically smaller and weaker, or have a weaker immune system, than later instars (van Driesche 1988 , Cornell et al. 1987 , Reavey 1993 . Dropping is effective against wasps (Gross and Price 1988, Fitzpatrick et al. 1994) probably because it removes the caterpillar and its associated chemical and sensory cues from the immediate vicinity of the parasitoid, making it difficult to re-locate. One of the best defensive behaviors was regurgitation.
Regurgitant is deterrent to a wide variety of natural enemies (Feltwell 1982 , Pasteels et al. 1986 , Morrow et al. 1976 , Peterson et al. 1987 , Schmidt et al. 2000 and can contain compounds that are toxic or repellant to parasitoids (Feltwell 1982) some of which can even be lethal (Takasu and Overholt 1997) . Because the chemosensory structures of parasitoids are extremely sensitive (Dicke 1994 , Turlings et al. 1995 , regurgitant may overstimluate them and (at least temporarily) chemically "blind" parasitoids (Hays and Vinson 1971, Hansen and Gauld 1995) .
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Nematodes and many parasitoid flies (40% of all Palearctic Tachinidae with known hosts; Belshaw 1994) do not have to contact their hosts to attack them. Tachinids that lay microtype eggs or larviposit/oviposit near their host or in their host's microhabitat, and nematodes that lay microtype eggs or reproduce via extremely small, free roaming infective forms, (similar in method to fly planidia), never come into contact with their hosts as adults. The nematodes and flies that use these covert means of parasitism to avoid confrontations effectively neutralize any of the avoidance behaviors that we tested in our models.
Characters that are ineffective as defenses against parasitoids
Coloration, size, hairs, spines, shelters, gregariousness, and diet breadth, were generally not effective against parasitoids although they may be effective against invertebrate or vertebrate predators. The covert oviposition strategies used by many tachinid flies and nematodes render morphological defenses useless for the same reasons that they render behavioral defenses useless.
Gregariousness and shelter building behaviors made caterpillars more prone to parasitism. This is probably because these behaviors concentrate chemical and visual signals that many parasitoids use to find hosts, making these caterpillars easier to locate (Vinson 1976 , 1991 , Akhurst and Dunphy 1993 , Dyer and Gentry 1999 .
Because many parasitoids can learn (Vet and Dicke 1992 , Godfray 1994 , Quicke 1997 , once a group of caterpillars is Iocated, it can be attacked repeatedly at different times.
Gregarious caterpillars may be especially vulnerable to microtype egg laying tachinids and nematodes, or larvipositing tachinids, which can place dozens to thousands of eggs/offspring on the plant or on all the individuals in the group (Poinar 1979 , Belshaw 1994 , Godfray 1994 , Gentry 1998 ). In the current study, although groups were more prone to attack by parasitoids than solitary caterpillars, there were few cases in which parasitoids successfully attacked all members of a group. One difficulty in interpreting parasitism of gregarious caterpillars is that although mortality may be higher, the "success" of gregariousness as a defense, from the adult lepidopteran point of view, may not depend on high larval survivorship.
Shelter building caterpillars are apparent to parasitoids because of the sedentary lifestyle of these hosts (Hawkins 1994). Chemical cues from sources such as the silk used to make the shelter, or from accumulated frass (Dmoch et al. 1985 , Agelopoulos et al. 1995 , Mattiacci and Dicke 1995 provide consistent and static signals, making them easier to locate and re-locate. Many caterpillars try to mitigate the apparency of shelters and associated cues with behaviors such as feeding away from the shelter, making multiple shelters, or chewing escape holes (Ruehlmann et al. 1988 , Dyer and Gentry pers. obs.). However, caterpillars that manage to escape temporarily in space or time with these methods will be exposed to planidial larvae, microtype eggs, or attack by adult parasitoids when they return to the shelter.
Chemically defended caterpillars and enemy free space.
A comparison of our results with reviews and multi-taxa studies examining antipredator mechanisms (Damman 1987 , Montllor and Bernays 1993 , Fitzgerald 1993 , Dyer 1995 , 1997 suggests that parasitoids use caterpillars that are relatively well defended from predators as enemy free space (Atsatt 1981, Jeffries and Lawton 1984) . Table 1 for descriptions of variables.
